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The vortex lattice (VL) in the mixed state of the stannide superconductor Yb3Rh4Sn13 has been
studied using small-angle neutron scattering (SANS). The field dependencies of the normalized
longitudinal and transverse correlation lengths of the VL, ξL/a0 and ξT /a0, reveal two distinct
anomalies that are associated with vortex-glass phases below µ0Hl ≈ 700 G and above µ0Hh ∼ 1.7 T
(a0 is the intervortex distance). At high fields, around 1.7 T, the longitudinal correlation decreases
abruptly with increasing fields indicating a weakening (but not a complete destruction) of the VL due
to a phase transition into a glassy phase, below µ0Hc2(1.8 K) ≈ 2.5 T. ξL/a0 and ξT /a0, gradually
decrease for decreasing fields of strengths less than 1 T and tend towards zero. The shear elastic
modulus c66 and the tilting elastic modulus c44 vanish at a critical field µ0Hl ≈ 700 G, providing
evidence for a disorder-induced transition into a vortex-glass. A ’ring’ of scattered intensity is
observed for fields lower than 700 G, i.e., µ0Hc1 = 135 G < µ0H < 700 G. This low-field phenomenon
is of different nature than the one observed at high fields, where ξL/a0 but not ξT /a0, decreases
abruptly to an intermediate value.
PACS numbers: 74.25.Uv, 74.25.Wx, 74.70.Dd, 74.25.Op
Vortex matter in type-II superconductors has been the
subject of many investigations, in particular since the dis-
covery of high-Tc Cuprates [1, 2]. There, it became evi-
dent that quantum fluctuations and dimensionality play
an important role in many new and interesting physics in-
volving the vortex lattice. Novel vortex matter phenom-
ena have been observed, such as glassy phases, dimen-
sional crossover and vortex lattice melting due to ther-
mal and quantum fluctuations [3, 4]. In spite of the large
research effort, many open questions still remain even
in simple conventional superconductors. This is partly
due to the very fine sensitivity of the vortex lattice to
details of the Fermi surface, and (microscopic) pinning
of vortices to the underlying crystal lattice. The effects
of pinning are difficult to calculate, but it takes a dom-
inant role under some circumstances. An experimental
technique very adequate to study the vortex lattice in su-
perconductors is small-angle neutron scattering (SANS),
which is a direct probe of the reciprocal lattice of the
vortices. We used this technique to study the VL in
Yb3Rh4Sn13 and found some unusual results described
below.
Yb3Rh4Sn13 crystallizes in a cubic lattice with tetrag-
onal point group symmetry consisting of a threefold ro-
tation axis along the cube diagonals but without fourfold
rotation axis (space group Pm-3n) with a unit cell con-
taining 40 atoms and two formula units, Z = 2 [5]. Re-
cent observations of interesting physical phenomena for
some members of this family resulted in a surge of in-
terest of these materials [6–8]. The Ytterbium atom in
Yb3Rh4Sn13 is in a mixed valence state [9]. However, the
Sommerfeld coefficient γ of this material displays only an
enhancement of a factor of four compared to the case of
the isostructural compound Ca3Ir4Sn13 [10, 11]. It has
been claimed that a broad transition into a vortex glass
involving multiple steps occurs below Hc2 [11, 12].
Here, we present results of SANS measurements in the
mixed state of Yb3Rh4Sn13 at 50 mK and 1.5 K. The
magnetic field strengths were between 350 and 18500 G
and applied along the crystallographic [100] axis. Our
SANS data reveal a single-domain VL structure in the
mixed state of Yb3Rh4Sn13 for fields below 1.85 T (see
Fig. 1). For low fields (above Hc1) and high fields (below
Hc2) we observe rapid changes of the normalized cor-
relation lengths of the vortices, longitudinal ξL/a0 and
transverse ξT /a0. a0, the distance between the vortices,
decreases with increasing field. These changes are inter-
preted as evidence for different phase transitions. At high
fields, 1.75 T, our data suggest a phase transition involv-
ing the VL. Thus, establishing support to the previous
interpretation that phase transitions of the VL occur at
high fields below Hc2 , a claim based solely on results
of electrical resistivity and magnetization measurements
[11, 12]. At low fields, our data provide a direct evidence
for a disorder-induced transition into a vortex-glass at a
critical field of µ0Hl ≈ 700 G.
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2The longitudinal and transverse correlation lengths, ξL
and ξT , refer to the directions parallel and perpendicu-
lar to the external field, respectively. In our case, ξT is
related to the width of the Bragg spots observed directly
on the 2D SANS detector, fitted using a two-dimensional
Gaussian. ξL is directly related to the longitudinal width,
i.e., the width of the rocking curve (see below).
Single-crystalline samples were synthesized by means
of a Sn self-flux method. High-purity elements (with
atomic parts of three Yb, four Rh and a Sn flux) were
molten at 1050 ◦C in an evacuated and sealed quartz
tube. After two hours at that temperature, the mixture
was cooled to 520 ◦C with a cooling rate of 4 ◦C/h and
then quenched to room temperature. The excess tin flux
was removed using diluted HCl. The single crystals were
characterized by means of x-ray Laue diffraction, electri-
cal resistivity and heat capacity [13]. We find that our
crystals are of higher quality than previously reported
materials [12].
The SANS investigations presented in this study were
carried out using the instruments SANS-I at the SINQ
neutron source at the Paul Scherrer Institute, Villigen,
Switzerland and D33 at the institute Laue-Langevin,
Grenoble, France. Neutron wavelengths between 4.7 A˚
and 17.5 A˚ with a wavelength spread of 10 % were em-
ployed. The incoming neutron beam was collimated over
a distance of 18 m (SANS-I) or 12.8 m (D33) and the sam-
ple was placed inside a cryomagnet with a horizontal field
parallel to the incoming neutron beam. The diffracted
neutron beam was detected on a two-dimensional sur-
face detector containing of 128 x 128 pixels [14]. The
sample (mass m = 294 mg, area A = 22.3 mm2 and
thickness d = 1.4 mm) was oriented by means of x-ray
Laue diffraction and mounted on a 0.5 mm thick Al-plate
of high purity.
A rocking curve is measured by rotating the sample
and the cryomagnet through a reciprocal lattice vector.
This rotation angle is called rocking angle. Bragg spots
appear when the Bragg condition is satisfied at the de-
tector. In our case, background measurements were per-
formed at T = 10 K, well above Tc. For each magnetic
field we cooled the sample from 10 K to the required tem-
perature, while wiggling continuously the magnetic filed
with an amplitude of 1 % away from the initial value.
This procedure can help to restore an ordered VL from an
metastable disordered state. Typical examples of rocking
curves, performed on SANS-I, are shown in the inset of
Fig. 2.
In our experiment the demagnetization field ∆B, esti-
mated from reported magnetization results [11], was ne-
glected. For our crystal geometry ∆B is of the order of
3 % of the applied field µ0H at 1000 G and it decreases
in importance for higher fields.
A typical example of our data, measured at
µ0H = 3500 G and T = 50 mK, is shown in Fig. 1. The
VL geometry corresponds to a slightly distorted hexag-
FIG. 1: Vortex lattice diffraction pattern at T = 50 mK and
µ0H = 3500 G for ~H||[100].
onal lattice for all investigated temperatures and field
strengths [13]. We note that in cubic crystals two VL
domains rotated by 30◦ may be expected, due to pin-
ning along the main axes. In our case, a single domain
is found. This seems related to the lack of the fourfold
rotation symmetry and shows that rather subtle details
of the structure play a determining role in the VL ge-
ometry. We note that vortex lattice studies using SANS
have been previously published in a symmetry related
compound, PrOs4Sb12. There, it was found a substantial
distortion of the vortex lattice from the ideal hexagonal
lattice, which was attributed to evidence for nodes in the
superconducting gaps of the order parameter [15]. We
find no hint for this to happen in our material.
For decreasing magnetic field strengths below approxi-
mately 1 T we observe a gradual, but dramatic, increase
of the FWHM of the rocking curve ΓL (the same behavior
is found for ΓT ). Fig. 2 displays the relevant data mea-
sured at SANS-I. The increase of ΓL at smaller magnetic
field strengths is independent of the crystal orientation
relative to the external magnetic field (data not shown).
A flattening of the magnetic Bragg reflection, i.e., an in-
crease of ΓL, evidences a broadening of the reciprocal
range where the Bragg condition is fulfilled and indicates
a softening of the vortex lattice. Despite the increasing
broadening of the magnetic Bragg spots, their position in
reciprocal space follows the typical square-root behavior
for an hexagonal VL down to magnetic field strengths
of 350 G [13]. Moreover, no anomalies are observed in
the integrated intensity and the magnetic form factor at
low and high magnetic fields [13]. As we shall see be-
low, our data point towards a transition of the VL into
a disordered phase.
From the measured FWHM of the magnetic Bragg
peaks in longitudinal (ΓL) and transverse (ΓT ) directions
we obtain the correlation lengths ξL and ξT [20, 21]:
3FIG. 2: FWHM (ΓL) of the rocking curve of a represen-
tative magnetic Bragg spot at T = 50 mK and 1.8 K
for ~H||[100] measured on SANS-I. Red diamonds represent
the longitudinal instrument resolution ∆ResL . Inset: se-
lected rocking curves at low and high magnetic fields at
T = 50 mK. Selected widths: ΓL(1.6 T) = 0.16 ± 0.01 ◦
and ΓL(1.8 T) = 0.24 ± 0.03 ◦.
ξL,T
a0
=
1
pi
√
Γ2L,T −∆2ResL,T cos(ζ)
. (1)
Here, a0 denotes the flux line lattice spacing, a0 = 2pi/q,
ΓL,T is the measured longitudinal or transverse width,
∆ResL,T describes the longitudinal or transverse instru-
ment resolution and cos(ζ) is the Lorentz factor [13]. The
resolution of the instrument is determined by contribu-
tions of (i) the velocity selector and (ii) the collimation
section. In our experiments ∆ResL,T are found to be of
the order of 0.1◦ and 0.05◦, respectively, for both in-
struments, SANS-I and D33. The calculated resolution
does not change appreciable for all the conditions of our
experiments. The resolution correction has not been im-
plemented for each of the data points in Fig. 2 in order
to show the raw data. ∆ResL is also shown in Fig. 2 for
the instrument configurations used on SANS-I. There-
fore, ΓL(H) is not limited by the resolution of the in-
struments for all fields (see Fig. 2). This is also the case
for the larger ΓT (H). This shows that for all the applied
fields the VL is not resolution limited and, in fact, it cor-
respond to a Bragg glass as it may be expected for cases
where the weak disorder cannot be neglected.
Hc2(T ) and the onset of the high-field transition has
been suggested in Ref. [12], but to our knowledge, there
has been no reports on the detailedH-T phase diagram of
the superconducting state clearly indicating Hc1 of this
material. From our previous measurements, we estab-
lished that µ0Hc2 = 2.5 T for T ≤ 2 K [13]. Recent
performed magnetization measurements on Yb3Rh4Sn13
reveal µ0Hc1 = 135 G for T ≤ 2 K. We point out that
our approach to treat neutron scattering data for a VL
has been successfully used on many different materials.
Recently, corrections to the Born approximation relevant
to thin film have been proposed [22], but they seem not
relevant for our experiments.
The longitudinal and transverse correlation lengths are
directly proportional to the longitudinal and radial di-
mensions of the correlated volume, and thus proportional
to the elastic moduli c44 and c66 [20, 21]:
ξL ∝ c44c66, (2)
ξT ∝
√
c44c366. (3)
c44 and c66 are the tilt and shear modulus of the flux line
lattice. Thus, the ratio ξL/ξT directly reveals possible
field-induced changes of
√
c44/c66.
The normalized longitudinal and transverse correlation
lengths as a function of the applied field are shown in
Fig. 3. ξL is of the order of 50 times larger than ξT .
Their relative ratio (
√
c44/c66) stays roughly constant
for intermediate fields, between 1 and just below 1.7 T
(see inset of Fig. 3 a). In this regime, the intermediate
fields, the VL is most stable, revealing the maximum nor-
malized correlation lengths, ξL/a0 and ξT /a0. Here, the
normalized correlation lengths change little (ξL ≈ 161a0
and ξT ≈ 3a0).
At field strengths, larger than 1.7 T, the normalized
correlation length ξL/a0 undergoes a sharp decrease to
an intermediate value in the form of a jump, not observed
in ξT /a0. The ratio ξL/ξT also displays an abrupt drop
for fields of the order of 1.7 T (see Fig. 3 a). The same
behavior is observed on both instruments SANS-I and
D33, with different wavelengths and varying collimation
sections. This shows that the observed effect is intrinsic
and does not dependent on the configuration of the in-
strument. The jump evidences a sharp, but partial soft-
ening of the elastic tilt modulus c44. The field-induced
changes of c66 are weaker, if any, and likely opposite to
c44 (see Eqs. 2 and 3). We point out that in this field
region the normalized vortex-vortex interaction displays
only a modest decrease of only a few percent (see inset
Fig. 3 b).
Due to the weak SANS signal in this region, it is very
difficult to follow ξL and ξT at higher fields. Neverthe-
less, the data seem reliable. They are consistent for dif-
ferent instruments and different configurations. There-
fore, we conclude that ξL/a0 vanishes in a complex man-
ner as µ0H approaches µ0Hc2 ≈ 2.5 T. Note that al-
though ξL/a0 shows a clear decrease in the form of a
jump, near 1.7 T, this is not accompanied by a corre-
sponding decrease of ξT /a0, although both should vanish
at Hc2 . We note that a simple melting of the Bragg glass
would show a different behavior [16]. All this is consis-
tent with a phase transition of the vortex lattice into an
4FIG. 3: (a) Normalized longitudinal correlation length ξL/a0
as a function of the magnetic field at T = 50 mK for
~H||[100]. Inset: ratio of longitudinal and transverse correla-
tion lengths ξL/ξT ∝
√
c44/c66 measured on SANS-I and D33
at T = 50 mK and 1.8 K. (b) Normalized transverse corre-
lation length ξL/a0 as a function of the field at T = 50 mK
for ~H||[100]. Solid lines: ξL,T /a0 = ξ0L,T /a0
√
H −Hl with
ξ0L/a0 = 1.62 ± 0.05 (ξ0T /a0 = 0.0318 ± 0.0008) and
Hl = 700 ± 75 G. Inset: simulated vortex-vortex interaction
as a function of field [24].
intermediate glassy phase. Our data suggest the pres-
ence of further steps at higher fields that should result in
a vanishing of both, ξL/a0 and ξT /a0, at Hc2 . But this
cannot be detected in our experiments due to the rapid
weakening of the SANS signal with increasing external
magnetic field. The small SANS signal at high fields
complicates the interpretation of the results. However,
our data adds to the thermal results of Ref. [12, 17–
19] and all together strongly hint for a phase transition
around µ0H = 1.7 T. From the same results it has been
suggested that a multiple-step vortex-glass transition at
fields of the order of Hc2 , is triggered by a proliferation
of dislocations. The dislocations would finally transform
the VL into a disordered glass [12, 17–19]. A type of
dislocations different from planar, for instance, of ’screw
type’ seems here to be less likely.
With decreasing fields below 1 T we observe a grad-
ual reduction of ξL/a0 and ξT /a0, which evolves into
a rapid softening of the VL at low fields. An extrap-
olation of the experimental ξL/a0 and ξT /a0 to low
fields leads to vanishing correlation lengths, in a square-
root manner, at about 700 G. In Fig. 3 the best fits
to the data using ξL,T /a0 = ξ0L,T /a0
√
H −Hl with
ξ0L/a0 = 1.62 ± 0.05 (ξ0T /a0 = 0.0318 ± 0.0008) and
Hl = 700 ± 75 G. This value is substantially higher than
our measured lower critical field µ0Hc1 = 135 G (data
not shown). Since our data for ΓL and ΓT (see Fig. 2)
show no apparent temperature effects, the inferred transi-
tion must be driven by an increasingly weaker intervortex
interaction and by fixed random pinning, as we discuss
below. The ratio of the two correlation lengths ξL/ξT
remains constant (or increases) for decreasing fields be-
low 900 G as seen in the inset of Fig. 3 a), indicating a
vanishing of c66 and c44. We conclude that the softening
of the VL reveals a typical transition of the VL into a
disordered phase at low fields.
To understand the usual behavior of the correlation
lengths we need to consider the vortex-vortex interaction.
This interaction has been studied for many years and it
is known, for instance, that it is attractive for type-I, but
repulsive for type-II superconductors. For large vortex-
vortex distances it may be approximated by Bessel func-
tions [23]. Using modern techniques, the vortex-vortex
interaction force can be calculated within the Ginzburg-
Landau theory and solved numerically [24]. Yb3Rh4Sn13
is a strong type-II superconductor with κ = 25 [13]. The
vortex-vortex interaction force as a function of the exter-
nal magnetic field, H, Ω(H) of Yb3Rh4Sn13 is simulated
and displayed in the inset of Fig. 3 b). Ω(H) reveals
a broad maximum at around 1.2 T. For field strengths
higher than 1.2 T or lower than 1 T the force gradu-
ally decreases. Since the vortex-vortex interaction only
changes modestly in this region, we expect a gradual
and monotonic decrease of the correlation length with
increasing field. These changes are expected to be appre-
ciable only in the neighborhood of Hc2(T ) due to fluctu-
ations of the superconducting order parameter.
The transition of the VL results from a delicate balance
of the vortex-vortex interaction and random forces due
to pinning. The first interaction favors the VL, while the
second tends to destroy it. With decreasing fields near
Hl, the transition at low fields, the pinning forces gain
the upper hand due to the dramatic decrease of Ω at low
fields. This leads to a VL transition at Hl. A rather mod-
est decrease of the vortex-vortex interaction is also found
at high fields, but this is clearly less relevant here. Fi-
nally, we notice that by comparing data at 0.05 and 1.8 K
5FIG. 4: a) Diffraction pattern at 420 G b) Azimuthal angle
dependent intensity of the VL at 420 G.
at low fields, we conclude that thermal fluctuations may
play only a minor role (if any) in the destruction of the
VL. This is in accordance with the estimated very small
Ginzburg number Gi, which provides a measure of the
temperature region ∆ T/T , near the transition temper-
ature, for which thermal fluctuations are important. We
find Gi ∼ 10−8. Therefore, thermal fluctuations are not
the driving force of the observations found at low fields.
Representative examples of the low-field SANS data
are shown in Fig. 4. Lowering the magnetic field causes
a decrease in the signal-to-noise ratio in such a way, that
the six Bragg spots can not be resolved for fields be-
low µ0Hl ≈ 700 G (see Fig. 4 a and b). In this region
the individual Bragg spots disappear and one observes
only a ring in the SANS signal. This supports our claim
of a transition into a glassy phase where the shear and
tilt modulus disappear. The ring of SANS signal reveals
the existence of short-range correlations in the disordered
state. We emphasize the clear difference with the high-
field occurrence. There one observes the Bragg spots at
all fields and these hardly change in transverse width,
as shown in Fig. 3 b). Our data reveal anomalies in the
longitudinal and transverse correlation lengths. They are
explained by assuming transitions of the VL unto glassy
states. We finally point out that in spite of the different
sizes of the SANS signals at low and high fields, as the
reader may appreciate in the inset of Fig. 2, the claimed
broadening of the Bragg reflections is intrinsic and not
an artifact of the statistics.
In summary, the VL of Yb3Rh4Sn13 is well defined
with a slightly distorted hexagonal geometry for the fields
700 ≤ µ0H < 1.7 T. At high fields a destruction of the
VL is inferred at µ0Hh ∼ 1.7 T < µ0Hc2 ≈ 2.5 T. Here,
it is c44, the elastic modulus for the tilt of the flux line,
which cancels (in a complex manner, but more rapidly
than the shear modulus c66). This may be interpreted
as evidence that dislocation planes appear with increas-
ing number at higher fields. They lead to the destruc-
tion of the VL in a complex manner. At low fields, the
magnetic Bragg spots of the VL show a gradual and
temperature-independent increase of ΓL and ΓT for de-
creasing magnetic field strengths below 1 T. This means
that the normalized correlation length ξL/a0 and ξT /a0
gradually decrease for decreasing fields below 1 T and ex-
trapolates smoothly to zero at µ0Hl ≈ 700 G. For fields
µ0Hc1 = 135 G < µ0H < µ0Hl, the individual Bragg
spots cannot be resolved but a ring of SANS signal re-
mains. The elastic moduli c66 and c44 vanish at µ0Hl.
All this evidences a disorder-induced (due to random pin-
ning) vortex transition.
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